This study tested the hypothesis that glutamatergic ionotropic (AMPA/kainate) receptors and neurokinin receptors (NKR) are important in the regulation of respiratory motor output during development in the bullfrog. The roles of these receptors were studied with in vitro brainstem preparations from pre-metamorphic tadpoles and post-metamorphic frogs. Brainstems were superfused with an artificial cerebrospinal fluid at 20-22°C containing CNQX, a selective non-NMDA antagonist, or with substance P (SP), an agonist of NKR. Blockade of glutamate receptors with CNQX in both groups caused a reduction of lung burst frequency that was reversibly abolished at 5 μM (P<0.01). CNQX, but not SP, application produced a significant increase (P<0.05) in gill and buccal frequency in tadpoles and frogs, respectively. SP caused a significant increase (P<0.05) in lung burst frequency at 5 μM in both groups. These results suggest that glutamatergic activation of AMPA/kainate receptors is necessary for generation of lung burst activity and that SP is an excitatory neurotransmitter for lung burst frequency generation. Both glutamate and SP provide excitatory input for lung burst generation throughout the aquatic to terrestrial developmental transition in bullfrogs.
Introduction
Glutamate and Substance P (SP) have been shown to be critical neurotransmitters in the regulation of respiratory rhythm in the mammalian brainstem Yamamoto et al. 1992; McCrimmon et al. 1995; Gray et al. 1999 Gray et al. , 2001 Wenninger et al. 2004) ; however, there is little known of the role of these neurotransmitters in the regulation of respiratory rhythm in other vertebrates. In the lamprey brainstem in vitro, both ionotropic and metabotropic glutamate receptors contribute to neurotransmission within the respiratory network; however, non-NMDA AMPA/kainate receptors are necessary for respiratory rhythm generation (Bongianni et al. 1999) . In turtles, NMDA receptors play a small but significant role in bulbospinal respiratory synaptic transmission (Johnson and Mitchell, 1998) , but the role of non-NMDA receptors and SP in respiratory rhythm generation in turtles has not been investigated.
Superfusion of glutamate or SP in the adult frog brainstem produces a biphasic effect: a transient inhibition followed by a significant increase in fictive breathing . Microinjection of glutamate into the adult brainstem or of the non-NMDA glutamate receptor agonist, AMPA, into discrete locations in the post-metamorphic frog brainstem, has been shown to differentially affect buccal and lung bursts in different regions of the brainstem (Wilson et al. 2002) . These data suggest that, in the post-metamorphic frog, the areas of the brainstem responsible for generating buccal burst activity may be anatomically distinct from those areas that generate lung burst activity. Although these studies have led to important insights into the location and regulation of the respiratory rhythm generating regions in mature air-breathing anurans, it is unclear how glutamate and SP modulate respiratoryrelated motor output at the brainstem level and throughout development.
The bullfrog brainstem in vitro has proven to be an excellent model for studying the development of respiratory rhythm generation, thus providing direct developmental comparisons that are not yet possible with other vertebrate models (Hedrick, 2005) . Several studies have demonstrated developmentally-associated changes in the modulation of respiratory-related neural output associated with the transition from aquatic to terrestrial lifestyle. For example, blocking synaptic inhibition in the pre-metamorphic tadpole brainstem in vitro abolishes gill activity, but not lung activity (Galante et al., 1996; Broch et al., 2002) whereas in adult brainstems lung activity is abolished (Broch et al. 2002) . Nitric oxide inhibits lung respiratory rhythm generation in pre-metamorphic tadpoles, but is excitatory in postmetamorphic frog and adult brainstems (Hedrick et al., 1998; Hedrick et al., 2005) . Neuromodulators such as serotonin (5-HT) and norepineprhine regulate respiratory rhythm differentially in pre-metamorphic and post-metamorphic amphibians Kinkead et al. 2002; Fournier and Kinkead, 2006; Fournier et al. 2007 ). These studies indicate that a considerable degree of neuromodulation of the respiratory rhythm and pattern circuits occurs during ontogenetic maturation of the amphibian brainstem. However, the role of excitatory amino acids and peptides that regulate the respiratory network during amphibian development is largely unknown.
Given the importance of glutmatergic and peptidergic excitatory mechanisms for respiratory rhythm generation in mammals, turtles and lamprey, and the limited data from postmetamorphic and adult amphibians, the present study sought to determine the involvement of non-NMDA glutamate receptors, and SP, in the regulation of respiratory motor output during development in the North American bullfrog (Lithobates catesbeiana). We hypothesized that glutamate and SP are important, excitatory neurotransmitters for respiratory burst generation in the amphibian brainstem.
Materials and Methods

Animals
Experiments were performed on total of 13 pre-metamorphic and 11 post-metamorphic North American Bullfrogs, Lithobates (formerly Rana) catesbeiana (see Frost et al. 2006) . Tadpoles were classified according to the staging criteria of Taylor and Köllros (T-K, 1946) . Premetamorphic tadpoles ranged from T-K stages VI-XVII (paddle and foot stages), and postmetamorphic frogs ranged from T-K stages XXIII-XXV. Animals were acquired from a commercial supplier (Charles D. Sullivan Co., Inc.; Nashville, TN, USA). Pre-metamorphic tadpoles were kept in plastic tank aquaria with oxygenated, dechlorinated tap water and were fed boiled spinach twice per week. Frogs were kept in plastic aquaria that provided dechlorinated water and a dry area. These animals were fed small crickets twice per week. All animals were maintained at room temperature (20-22°C). All experimental procedures were approved by the CSUEB Institutional Animal Care and Use Committee.
In vitro brainstem preparation
Animals were anesthetized prior to surgery with a dilute (0.5%) solution of ethyl-maminobenzoate (MS-222) buffered to pH 7.8 with sodium bicarbonate. Once the breathing movements ceased (2-5 min for pre-metamorphic tadpoles; and 5-10 min for frogs) and withdrawal and eye blink reflexes were abolished, the animals were removed from anesthetic. Tadpoles were weighed, and then placed under ice for 20-30 minutes to reduce metabolism and maintain anesthesia for subsequent dissection.
A small opening was made in the cranium using iris scissors for the transection of brainstem at rostral to the optic lobes to remove the forebrain. The brainstem was exposed and all nerves anterior to the brachial nerves were carefully cut at their exit from the skull. During decerebration and dissection, the brainstem was supplied with constant perfusion of cold (5-10 °C), oxygenated (98% O 2 and 2% CO 2 ) artificial cerebrospinal fluid (aCSF) with following composition (mmol 1 −1 ): NaCl 104.0, KCl 4.0, MgCl 2 1.4, NaHCO 3 25.0, CaCl 2 2.4, glucose 10.0. The entire dissection was completed in approximately 5-10 minutes.
Once the brainstem was removed, it was placed in the recording chamber (7 ml). The brainstem was pinned ventral side up and the dura gently removed. Throughout this process, and during all subsequent experiments, the recording chamber was continuously perfused with oxygenated (98% O 2 , 2% CO 2 ) aCSF equilibrated to room temperature (20-22 °C) from a reservoir at rate of 5-10 ml min −1 at a pH of 7.8 to 7.9.
Nerve roots of cranial nerves (CN) V (trigeminal), VII (facial), X (vagus), and XII (hypoglossal) from the brainstem that normally innervate respiratory muscles were attached to suction electrodes fabricated from 1 mm diameter thin-walled capillary glass tubing (A-M Systems, Carlsborg, WA, USA). Previous studies with amphibian brainstem preparations have verified that the neural activities in CN V, VII, X and XII are correlated with breathing in intact animals (Gdovin et al., 1998; Sakakibara, 1984) . Neural signals were amplified 10,000 times with an AC amplifier (A-M systems model 1700), filtered (10 Hz -2 kHz) and saved to PCtype computer (Dell, Pentium 4) that interfaced with data acquisition system sampling at 2 kHz (Powerlab 8/SP; AD Instruments, Milford, MA, USA).
Experimental protocol
The selective non-NMDA glutamate receptor antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, Sigma, St. Louis, MO, USA), was used to block AMPA/kainate receptors. Substance P (SP, Sigma) was used as an agonist for neurokinin receptors (NKR). Each brainstem preparation was used once for a single drug (CNQX, N=11 or SP, N=13). CNQX (0.1, 0.5, 1.0, 5.0 μM) was dissolved in 100% dimethylsulfoxide (DMSO) and diluted with aCSF to achieve the desired concentrations. The highest concentration of DMSO used was 0.1%, which was the highest concentration needed to dissolve the maximum concentration of CNQX used (5 μM). Previous studies from our laboratory have shown that this concentration of DMSO has no effect on respiratory motor output in the bullfrog brainstem. SP (0.1, 1.0, 5.0 μM) was dissolved in aCSF to achieve the desired concentrations. For each experiment, the brainstem preparation was superfused with oxygenated aCSF for 1 h, or until the signal of fictive respiration was stable, before a 30 min control recording was obtained. After the initial control recording was taken, each brainstem was applied with superfusate of aCSF containing a drug (CNQX or SP). Each concentration of the drug was superfused for 35 min before increasing the concentration. All brainstem preparations were returned to the control aCSF (washout) for up to 2 h after drug exposure. Respiratory-related motor output was recorded throughout the experiment and the last 10 min of the data collected during drug exposure was used for analysis.
Fictive gill activity in the pre-metamorphic tadpole and buccal activity in the post-metamorphic frog are characterized as high frequency, low amplitude bursts occurring in CN V, VII and X. Fictive lung ventilation was characterized as neural bursts occurring singly or in clusters and appeared as low frequency and high amplitude neural bursts. Fictive lung bursts occur simultaneously in CN V, VII, and XII in pre-metamorphic and post-metamorphic frogs and have burst durations of about 1 s (Gdovin et al., 1998) . Discharges of motor output not meeting criteria were classified as non-respiratory activity and were excluded from analysis (e.g. Hedrick and Winmill, 2003) . Absolute burst frequency is defined as neural bursts per minute, regardless of the pattern of lung burst events (i.e. single breaths or episodes). Lung burst frequency (min −1 ) was measured as the number of bursts in a 10 min period. Burst duration was measured from the onset deviation from the baseline to the return to baseline in the integrated neural trace. Burst amplitude was analyzed as a percentage of control from the integrated neural trace. Gill or buccal bursts were analyzed during the last 10 min of recorded data and frequency (min −1 ) was measured from a continuous 1-2 min portion of that data in which there were no lung burst events.
Statistical analysis
A one-way analysis of variance with repeated measures (ANOVA) followed by Dunnett's multiple-comparison test (Zar, 1974) was used for evaluation of statistical significance between fictive breaths during drug administration compared with that in control period, within each experimental group. Data are reported as mean ± s.e.m. Statistical significance was assumed if P< 0.05. All statistical and graphical analyses were carried out using a commercially available software program (Graphpad Prism, v. 5.0 (PC version), San Diego, CA, USA).
Results
Effects of non-NMDA receptor blockade with CNQX
Blockade of non-NMDA glutamatergic receptors with CNQX produced similar effects in both pre-metamorphic tadpole and frog brainstems. There was a significant reduction of lung burst frequency at 1 μM CNQX (P<0.05) and lung burst activity was completely abolished at 5 μM CNQX (P<0.01) in both groups (Fig. 1) . The abolition of lung burst activity was completely reversible in all preparations with frequency returning to control levels during washout with aCSF (P>0.05; Fig. 2 ). In contrast to the cessation of lung burst activity, CNQX applied to both pre-metamorphic and frog brainstems significantly increased the gill burst frequency in tadpoles and buccal burst frequency in frog brainstems (Fig. 1) .
Gill burst frequency in pre-metamorphic tadpoles was 61.1 ± 4.5 min −1 in control conditions. Application of CNQX significantly increased gill burst frequency to 73.4 ± 2.8 min −1 with 1 μM CNQX (P<0.01) and to 79.4 ± 2.9 min −1 with 5 μM CNQX ( Fig. 2A; P<0 .001). Gill activity returned to control levels upon washout with control aCSF. Gill burst duration was 0.94 ± 0.10 s in control and decreased significantly (P<0.01) to 0.69 ± 0.02 s at the highest concentration of CNQX (5 μM). Gill burst amplitude was unaffected by CNQX (P>0.05; Fig. 3A ).
Buccal bursts were present in 5 of 6 post-metamorphic frog brainstems. Buccal burst frequency was 28.1 ± 11.6 min −1 under control conditions and blockade with 0.5 μM to 5 μM CNQX significantly increased buccal burst frequency to approximately 50 bursts min −1 compared with control ( Fig. 2A; P<0 .05). Buccal burst frequency returned to control levels following washout with aCSF. Although buccal burst amplitude was unaltered during superfusion with CNQX, there was a significant increase in burst amplitude to 185 ± 29% of control during the washout period (P<0.01; Fig. 3A ). Buccal burst duration was 0.75 ± 0.07 s in control and remained constant throughout the exposure to CNQX.
Lung burst frequency in pre-metamorphic animals was 2.3 ± 0.6 min −1 with control aCSF superfusion. Blocking non-NMDA receptors with CNQX in pre-metamorphic brainstems significantly decreased lung burst frequency to 0.6 ± 0.5 min −1 with 1 μM CNQX ( Fig. 2B ; P<0.05) and lung activity was reversibly abolished with 5 μM CNQX (P<0.01). Lung burst amplitude remained constant at concentrations up to 1 μM CNQX before bursts were abolished and then returned to control levels during washout (Fig. 3B ). Lung burst duration was 0.67 ± 0.06 s was not affected by CNQX.
In post-metamorphic frog brainstem preparations, lung burst frequency was 15.5 ± 5.8 min −1 with control superfusion and significantly decreased to 0.6 ± 0.3 min −1 with 1 μM CNQX ( Fig.  2B ; P<0.05) and was completely abolished with 5 μM CNQX (P<0.01). Lung burst duration was 0.60 ± 0.04 s and was not affected by CNQX exposure. Lung burst amplitude was also unaffected during drug application; however, lung burst amplitude was 181 ± 11% of control during the washout period (P<0.01; Fig. 3B ).
Effects of substance P
Stimulation of NKR with SP at concentrations up to 5 μM increased lung burst frequency in both pre-metamorphic and post-metamorphic frog brainstems (Fig. 4) . Gill burst frequency in pre-metamorphic tadpole brainstems was 65.5 ± 4.4 min −1 in control conditions and application of SP at concentrations up to 5 μM had no significant effects on gill burst frequency (P>0.05; Fig. 5A ). Substance P also had no effect on gill burst amplitude. Gill burst duration was 0.90 ± 0.05 s and was unaffected by SP (P>0.05; Fig. 6A ).
Buccal frequency was 32.7 ± 3.4 min −1 in post-metamorphic frog brainstems, and SP at concentrations up to 5 μM had no effect on buccal burst frequency (Fig. 5A) . Although SP had no effect on buccal burst amplitude during drug application, there was a significant increase of amplitude to 185 ± 32% of control during the washout period (P<0.05; Fig. 6A ). Buccal burst duration was 0.88 ± 0.07 s and did not change with SP exposure.
Superfusion of SP significantly increased lung burst frequency from 1.3 ± 0.4 min −1 in premetamorphic control brainstems to 5.2 ± 0.9 min −1 at a concentration of 5 μM ( Fig. 5B ; P<0.001) and returned to control levels upon washout. SP had no effect on lung burst amplitude (Fig. 6B ) and burst duration was 0.63 ± 0.08 s in control and was unaffected by SP.
Application of SP to post-metamorphic frog brainstem preparations produced similar results to that of pre-metamorphic animals with a significant increase of lung burst activity from 11.9 ± 4.1 min −1 to 26.5 ± 6.3 min −1 at 5 μM SP (P<0.05; Fig. 5B ) which also returned to control levels during washout. Substance P significantly increased lung burst amplitude to 138 ± 14% of control at 5 μM and this increase in amplitude was maintained throughout a 2 h washout period ( Fig. 6B; P<0 .05). Lung burst duration was 0.64 ± 0.05 s in control and did not change during SP exposure or during washout.
Discussion
The results from this study revealed that glutamate, acting via non-NMDA (AMPA/kainate) receptors, is necessary for the expression of lung burst activity in brainstems from both premetamorphic and post-metamorphic frogs. The reversible cessation of lung burst activity, without a corresponding decrease in gill or buccal activity, also suggests that lung burst activity and gill or buccal burst activity are regulated independently. The results with SP indicate that stimulation of NKR also provides an excitatory input for generation of lung bursts, but not gill or buccal respiratory bursts. These data indicate that glutamate and SP provide excitatory drives for lung burst generation throughout the aquatic to terrestrial developmental period in the bullfrog brainstem.
Although the in vitro amphibian model has provided useful insights into developmental regulation of respiratory-related motor output, there are some important caveats regarding the limitations of interpreting results from experiments with bath-applied drugs. First, the precise locations of the respiratory rhythm and pattern-forming circuits are unknown and bathapplication of agonists and antagonists could be acting anywhere throughout the brainstem. These drugs could have both direct and indirect effects on the respiratory rhythm and patternforming circuits. In addition, the specificities of the pharmacological agents are generally determined in mammalian systems and so the affinities of these agents for amphibian receptor sites are unknown. The application of drugs in these experiments occurred over a relatively long period of time before being washed out, thus long-lasting effects such as increased metabolites or receptor dynamics might be a confounding factor. Despite these limitations, the results presented here are consistent with a body of literature indicating that endogenous glutamatergic stimulation of non-NMDA receptors is necessary for the expression of lung ventilation and that SP is an excitatory neurotransmitter for lung ventilation.
Role of non-NMDA receptors in respiratory rhythm generation
This study has shown clearly that glutamatergic stimulation of non-NMDA receptors is necessary for expression of lung bursts in the developing amphibian brainstem. This is, to our knowledge, the first demonstration of a necessary role for non-NMDA receptors for the generation of lung bursts in the amphibian brainstem, but is consistent with studies from other vertebrates (see below). The major effects of CNQX were on lung burst generation, with inconsistent effects on respiratory burst pattern formation that were limited to unexplained increases in buccal and lung burst amplitude in post-metamorphic brainstems. Perry et al. (1995) previously showed that glutamate application in the adult brainstem produces a transient inhibition, followed by a sustained excitatory response for lung burst output. Glutamate superfusion would, of course, stimulate all ionotropic and metabotropic receptors, thus a complex response might be expected from glutamate application. Other studies that have investigated the role of glutamate in the amphibian brainstem have been limited to microinjection experiments designed to map the extent of the respiratory rhythm generator Wilson et al. 2002) . Moreover, these studies have used adult or postmetamorphic frogs and did not examine earlier developmental stages. Microinjection of glutamate or the non-NMDA agonist, AMPA (Wilson et al. 2002) , reveal an area of the rostral brainstem that appears to be responsible for modulating lung burst frequency. Wilson et al. (2002) also identified a more caudal region of the brainstem that appears to be responsible for modulating buccal burst frequency in post-metamorphic animals. Thus, microinjection data indicate that the generation of lung and buccal bursts are localized to different brain regions in the post-metamorphic frog.
An essential role for non-NMDA receptors in the expression of respiratory rhythm generation has been demonstrated using in vitro preparations from mammals and the lamprey. In the neonatal rat brainstem in vitro or the rhythmically-active slice preparation containing the preBötzinger complex (pre-BötC), CNQX causes a dose-dependent reduction of respiratory rhythm and a reversible cessation of respiratory activity (Greer et al. 1991; Smith et al. 1991; Funk et al. 1993) . The lamprey brainstem respiratory rhythm is also dependent on non-NMDA receptors since CNQX also abolishes respiratory-related bursting in vitro (Bongianni et al. 1999) . The concentrations of CNQX necessary to abolish respiratory rhythm in the neonatal rat brainstem and in the lamprey brainstem (1-10 μM) are very similar to the concentrations needed to abolish lung burst activity the bullfrog brainstem.
Previous studies have shown that modulation of lung burst activity in the anuran brainstem by specific neurotransmitters and/or neuromodulators changes during development. For example, fast inhibitory neurotransmission by GABA A and glycine receptors appears to be relatively unimportant in pre-metamorphic tadpoles (Galante et al. 1996; Broch et al. 2002) , but is essential for expression of lung burst activity in the adult brainstem (Broch et al. 2002) . Low concentrations of 5-HT have little effect on lung burst activity in pre-metamorphic tadpoles, but increase lung burst frequency in post-metamorphic tadpoles . Nitric oxide (NO) is inhibitory to lung burst frequency in pre-metamorphic tadpoles, but excitatory to lung burst frequency in post-metamorphic and adult frogs (Hedrick et al. 1998 . The changing role of NO in the amphibian respiratory network is similar to the developmental effects of NO in modulating the spinal rhythm generator for swimming in the amphibian spinal cord (McLean and Sillar, 2004) . Gap junction regulation of lung burst activity is important in larval brainstems, but not in the adult brainstem similar to that shown in developing mammals (Bou-Flores and Berger, 2001; Solomon et al. 2003) . These studies suggest that a number of different neuromodulatory receptor systems increase their influence over lung burst activity throughout development. By contrast, the effects of non-NMDA receptor modulation and SP appear to be excitatory throughout the developmental period. Thus, we would hypothesize that the role of glutamate, and perhaps SP, is to provide consistent excitatory input to neural circuits that produce lung burst activity throughout development while other neuromodulatory systems develop more slowly to shape the final respiratory patterns seen in the post-metamorphic brainstem. Clearly, more work will need to be done to test this hypothesis.
In amphibians, gill and buccal burst activity appears to be a network-driven process because it is abolished by chloride-free solutions or by antagonists to chloride channels (Galante et al. 1996; Broch et al. 2002) . Lung burst activity, however, appears to be dependent upon a pacemaker-like mechanism during the pre-metamorphic stages (Broch et al. 2002) , but 'switches' to a network-based mechanism after metamorphosis (Broch et al. 2002; Hedrick, 2005 ). This conclusion is based on the finding that lung burst activity in the pre-metamorphic brainstem continues in the presence of chloride channel antagonists, or with chloride-free aCSF, but these manipulations abolish lung burst activity in the adult brainstem (Broch et al. 2002) . The hypothesis of a pacemaker-to-network transition in the amphibian brainstem is similar to the maturational hypothesis for the development of respiratory rhythm generation in the mammalian brainstem (cf. Richter and Spyer, 2001 ). Regardless of the mechanisms that generate lung burst activity, the data from this study suggest that endogenous glutamatergic activation of non-NMDA receptors is a key source of excitation for lung burst activity throughout development.
In contrast to the effects on fictive lung bursts, blockade of non-NMDA receptors unexpectedly increased the frequency of gill and buccal bursts. Although the mechanism underlying this response is unclear, one possibility is that glutamate, acting via non-NMDA receptors, has a direct inhibitory effect on the gill/buccal rhythm generators which is revealed by non-NMDA receptor blockade with CNQX. However, this seems unlikely since non-NMDA-mediated inhibition of respiratory neurons has not been previously demonstrated. A more likely explanation is that the gill and buccal rhythm generators are under tonic inhibition and that blockade of non-NMDA receptors disinhibits this tonic input. One possible source of inhibition is from the lung rhythm generator. It has been hypothesized that the lung and buccal rhythms in the post-metamorphic frog brainstem are produced by separate, but coupled, oscillators (Wilson et al. 2002) . Their model attempts to account for the initiation and facilitation of lung burst events (episodes) that are characteristic of the post-metamorphic frog brainstem, but are generally not observed in pre-metamorphic tadpole brainstems (see Fig. 1 ). Clearly more work is necessary to create testable models that explain respiratory rhythm generation in amphibians throughout development.
Role of Substance P in respiratory rhythm generation
Substance P is a neuropeptide of the tachykinin family that mediates its effects via neurokinin (NK) receptors NK-1, NK-2 and NK-3 in mammals (Maggi, 1995) . In the bullfrog, Rana (=Lithobates) catesbeiana, 3 additional peptides have been identified: ranatachykinins (RTK) A, B, and C (Kangawa et al. 1993) . These RTKs and SP have been shown to activate signal transduction pathways that produce Ca 2+ elevation and desensitization of the bullfrog SP receptor, an orthologue of the mammalian NK-1 receptor (Perrine et al. 2000; Simmons, 2006) . SP has the highest affinity for NK-1 receptors and stimulation of NK-1 receptors has been shown to increase respiratory activity in mammals both in vitro and in vivo (Hedner et al. 1984; Yamamoto et al. 1990; Ptak et al. 1999 Ptak et al. , 2000 . More recent studies have shown that NK-1 receptors are critical for the expression of normal respiratory rhythm in mammals. Destruction of NK-1 immunoreactive neurons in the preBötC produces abnormal breathing patterns in adult rats (Gray et al. 2001 ) and adult goats (Wenninger et al. 2004) . These studies point to a critical role for NK-1 receptors within the pre-Bötzinger complex in the expression of normal breathing in mammals. In this study, SP stimulated respiratory frequency in both groups, but also resulted in a longer term increase in buccal and lung burst amplitude in the frog brainstem. The increase in respiratory frequency and amplitude is consistent with the actions of SP in mammals. Although it is unclear how SP increased burst amplitude only in the post-metamorphic animals, the increase of intracellular Ca 2+ by NKR stimulation may produce a type of long-lasting 'plasticity' response similar to that seen in turtles with 5-HT stimulation (Johnson et al. 2002) . SP-positive staining neurons are found throughout the amphibian brainstem, but particularly in the midbrain region and reticular formation (Stuesse et al. 2001) . However, it remains to be determined if there are specific brainstem sites that regulate respiratory rhythm generation by NKR in amphibians.
Our data corroborate an earlier report that SP produces an excitatory respiratory response in the adult amphibian brainstem . The excitatory effects of SP in that study were abolished by brainstem exposure to kynurenate suggesting that the effects of SP may be mediated through a glutamatergic pathway . This is consistent with a study in rats showing that NK-1-immunoreactive neurons of the pre-BötC are also glutamatergic (Guyenet et al. 2002) . Although we did not investigate the possible interaction between glutamate and SP in this study, our data indicate that both neurotransmitters provide an excitatory drive for lung ventilation throughout development.
Evolutionary perspectives
In mammals there is considerable evidence to suggest that the preBötC is a critical region for respiratory rhythm generation; data from in vitro and in vivo models support this hypothesis Gray et al., 2001; Wenninger et al., 2004) . Recent data also suggest that the preBötC and the more rostral para-facial respiratory group (pFRG; Onimaru and Homma, 2003) represent synaptically-coupled networks that interact to produce a rhythmic respiratory motor output (Janczewski and Felman, 2006) . This dual network hypothesis for respiratory rhythm generation proposes that the pFRG generates expiratory rhythm whereas the preBötC generates inspiratory rhythm (Onimaru et al. 2006) . A key evolutionary link for this hypothesis is thought to arise from the conservation of dual buccal and lung oscillators in frogs that respond similarly to opiates as the pFRG and preBötC (Vasilakos et al. 2005; Wilson et al. 2006; Feldman and Del Negro, 2006) . Although this is an intriguing hypothesis, similar responses to neurotransmitters do not necessarily suggest structural or functional homologies of vertebrate respiratory oscillators. The evolution of neural circuits that subserve a particular motor behavior, such as breathing, is difficult to determine, even in simple nervous systems (Katz and Harris-Warrick, 1999) .
In this study, we demonstrated that SP provides an excitatory drive for lung burst activity, but had no effect on gill or buccal rhythms. In mammals, SP is excitatory to preI neurons in the pFRG region (Yamamoto et al. 1992 ) and the preBötC (Gray et al. 1999) . If, as postulated, the buccal rhythm in amphibians is homologous with the pFRG oscillator and lung rhythm is homolgous with the preBötC oscillator, then the responses to SP should be similar in both amphibians and mammals. Because SP stimulated only lung burst activity, and not gill or buccal activity, our results with SP do not support the hypothesis of homologous dual respiratory oscillators in amphibians and mammals. Although it is difficult to extrapolate findings from amphibians to mammals, future studies of non-mammalian vertebrates that incorporate a phylogenetic analysis may reveal important insights into the evolution of vertebrate respiratory oscillators (Striedter, 1998) . Respiratory-related neural activity recorded from tadpole brainstem preparations. Effects of CNQX (control, 1, 5 μM) followed by washout with aCSF are shown as integrated activity from CN X and XII (A; pre-metamorphic brainstems) and CN VII and CN XII (B; postmetamorphic brainstems). In both preparations, lung burst activity (high amplitude, infrequent bursts) was abolished with CNQX and resumed upon washout. The low amplitude, more frequent gill bursts (pre-metamorphic) and buccal bursts (post-metamorphic) were unaffected by CNQX. Summary of effects of CNQX (0, 0.1, 0.5, 1.0, 5.0 μM) on pre-metamorphic (unfilled circles) and post-metamorphic (filled circles) brainstems measured as gill or buccal burst frequency (min −1 ) (A) and lung burst frequency (B). There were significant increases in gill and buccal burst frequency and a complete abolition of lung bursts in both groups. *P<0.01 compared with control (Dunnett's test). Summary of effects of CNQX (0, 0.1, 0.5, 1.0, 5.0 μM) on gill or buccal burst amplitude (% control) (A) and lung burst amplitude (B) for pre-metamorphic (unfilled circles) and postmetamorphic (filled circles) brainstems. There were significant increases of buccal and lung burst amplitudes compared with control for post-metamorphic brainstems. *P<0.01 compared with control (Dunnett's test). Effects of Substance P on respiratory-related neural activity from tadpole brainstem preparations. Responses of pre-metamorphic (A) and post-metamorphic (B) brainstems are shown for the highest concentration of SP used (5 μM) followed by washout with aCSF. Note the increase in lung burst frequency with SP. Summary of effects of SP (control, 0.1, 1, 5 μM) on gill and buccal burst frequency (min −1 ) (A) and lung burst frequency (B) for pre-metamorphic (unfilled circles) and post-metamorphic (filled circles) brainstems. Gill and buccal burst frequency was unaffected by SP whereas lung burst frequency increased significantly. *P<0.05 compared with control (Dunnett's test). Summary of effects of SP (control, 0.1, 1, 5 μM) on gill and buccal burst amplitude (% control) (A) and lung burst amplitude (B) for pre-metamorphic (unfilled circles) and post-metamorphic (filled circles) brainstems. There were significant increases in buccal and lung burst amplitudes for post-metamorphic brainstems at the highest SP concentration (5 μM) which persisted throughout the washout period. *P<0.05 compared with control (Dunnett's test).
